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Dielectric permittivity of road material is an important parameter to calculate the velocity of electromagnetic waves when evaluating the geometry of pavements by ground penetrating radar (GPR). Conventional methods need to prepare core samples for the measurement, which is not convenient nor representative. In this work, we present a non-destructive open-ended coaxial probe to measure the frequency-dependent dielectric permittivity and the results include laboratory tests and on-site investigation. In the laboratory part, we test the slab samples and compare the results with a validated test (coaxial/cylindrical transition line). Due to the limited size, the dielectric results obtained by the open-ended probe are a bit lower than those by the validated test. However, the thickness problem can be ameliorated in the on-site investigation because of the infinitive scale of the road. In the on-site part, the tested dielectric constant of the road can well agree with the calculated value by the Maxwell-Garnett law based on the volumetric fractions of the bitumen, aggregates, and air. Moreover, the stable dielectric permittivity in the tested frequency by open-ended probe can be used to fit the dielectric constant at higher frequency by Debye model. This can provide a dielectric constant at high frequency for estimating the geometry of the multi-layered structure in the surface course. The estimated results are close to the tested lengths of core samples.

Introduction

Flexible hot-mix asphalt (HMA) pavements are multilayer structures arranged in the order of descending load-bearing capacity: i.e., the highest load-bearing capacity material (the most expensive) on the top and the lowest load-bearing capacity material (the least expensive) on the bottom. Because of this layer-by-layer structure, roads need regular controls to ensure resistance to cyclic loading, including layer thickness, compactness, layer bonding, detection of anomalies, etc. As a highly efficient and non-destructive tool, ground penetrating radar (GPR) has been widely applied in road diagnosis to maintain service life and durability [START_REF] Lai | A review of Ground Penetrating Radar application in civil engineering: A 30-year journey from Locating and Testing to Imaging and Diagnosis[END_REF][START_REF] Araujo | Compactness/density assessment of newly paved highway containing recycled asphalt pavement by means of non-nuclear method[END_REF] . GPR auscultates the travel time of electromagnetic (EM) waves in a material, known as the temporal signal. The travel velocity of EM waves is governed by the material's constitutive parameters including dielectric permittivity, conductivity, and magnetic permeability. By analyzing the difference of travel time between the successive peaks of the temporal signal, the structural information of the tested material can be interpreted if the constitutive parameters are known [START_REF] Al-Qadi | Measuring layer thicknesses with GPR-Theory to practice[END_REF][START_REF] Benedetto | An overview of ground-penetrating radar signal processing techniques for road inspections[END_REF][START_REF] Chen | Microwave electronics measurement and materials characterization[END_REF] . Roads are diamagnetic with low conductivity. Hence, the analysis of temporal signals is highly related to the road's dielectric properties. The dielectric properties of a road depend on several factors including materials (mineralogical types of aggregates, compactness of layer, grade of bitumen, etc.), and environments (temperature and humidity, etc.). A common way to estimate a road's dielectric constant is to apply mixing laws based on the volumetric fractions and dielectric constants of air, bitumen, and aggregates. However, these values are not always accessible, which influences the application of mixing laws. Another way to obtain dielectric constant is to measure the road core sample in the laboratory by a reflection/transmission method, but the value of the core samples is punctual that is hard to represent to the whole road. Hence, developing a non-destructive and continuous dielectric characterization is useful to road's evaluations. Some methods have been developed for dielectric characterization in the microwave domain, such as open-ended coaxial probe [START_REF] Filali | Design and calibration of a large open-ended coaxial probe for the measurement of the dielectric properties of concrete[END_REF][START_REF] Clarke | A critical study of the open-ended coaxial line sensor technique for RF and microwave complex permittivity measurements[END_REF][START_REF] Otto | Improved Calibration of a large open-ended coaxial probe for dielectric measurements[END_REF] , coaxial transmission line method [START_REF] Weir | Automatic measurement of complex constant and permeability at microwave frequencies[END_REF][START_REF] Baker-Jarvis | Improved Technique for determining complex permittivity with the transmission/Reflection Method[END_REF] , free space method [START_REF] Ghodgaonkar | A free-space method for measurement of dielectric constants and loss tangents at micro frequencies[END_REF][START_REF] Haddadi | Geometrical optics-based model for dielectric constant and loss tangent free-space measurement[END_REF] and resonant methods [START_REF] Fauchard | Determination of the compaction of hot mix asphalt using high-frequency electromagnetic methods[END_REF] etc.. In these dielectric characterizations, the open-ended coaxial probe is more attractive because of its non-destructive characteristic for road measurement. The open-ended coaxial probe is a waveguide formed by two coaxial conducting cylinders. The dielectric permittivity of a material can be calculated by measuring the reflection coefficient. The cut-off frequency depends on the aperture of the probe (2a and 2b). Herein, 2a is the diameter of the inner cylinder and 2b is the diameter of the hollow external cylinder (2b > 2a) (Figure 1 (a)). The smaller the aperture, the higher the cut-off frequency. However, in the case of civil engineering materials like HMA, the structure is heterogeneous with a millimeter-sized distribution of grains. The dimensions of 2a and 2b must be adapted to the heterogeneity of the road sample with the consideration of the representative elementary volume (REV) criterion [START_REF] Robert | Dielectric permittivity of concrete between 50 MHz and 1 GHz and GPR measurements for building materials evaluation[END_REF] . As a result, a commercial open-ended coaxial probe like HP85070B-Keysight cannot be used due to its small aperture (2a is 0.66 mm). Hence, fabricating a specific open-ended coaxial probe with a large aperture and simultaneously working in the microwave domain is required for effective dielectric measurement. . In this work, we will not repeat the optimization of the geometry parameters of the open-ended probes. Instead, we will reuse a coaxial line that has been validated for a reflection/transmission cell method and focus our discussion on the measurement itself for the road pavement. This reused coaxial line in this work was designed by Adous et al. [START_REF] Adous | Coaxial/cylindrical transition line for broadband permittivity measurement of civil engineering materials[END_REF] that has considered the balance between the cut-off frequency and REV criterion of road's materials. This coaxial line was initially designed with a cell chamber as a device under test (DUT). This required the road sample to be cut into a cylinder of 75 mm in diameter and 70 mm in height. As mentioned before, this way is not continuous and hard to adapt to the on-site investigation. Thus, in this work, we will redo the calibration and transform it into an open-ended probe for road in-situ measurement.

Many works have been reported to design open-ended coaxial probes for construction materials

Based on the discussion of the dielectric measurements and the integration of the open-ended probe in the GPR application, this work is organized into two parts: the first part is to use the open-end coaxial probe to test the known construction materials in the laboratory, limestone and concrete slabs. We will compare the results between the open-ended probe and the validated test in order to evaluate the open-ended probe. The second part is an on-site investigation. The field is a branch of a newly paved road in France. We will use this open-ended probe to map the dielectric constants of the surface course along three profiles from the edge to the center: i.e., the emergency stopping lane, the straight tread, and the main stripe. Afterward, a commercial GPR with two antennas (central frequencies are 350 MHz and 2.6 GHz, respectively) will be used to scan the geometry of the surface course along the three profiles. Then the dielectric constant tested by the open-ended probe will be used to calculate the thickness of different layers based on the GPR's signals. The calculated length of each layer will be compared with the cored samples for evaluation and discussion.

Measurements in the laboratory

In this part, limestone (Pays Loire, France) and concrete were used to test the dielectric constants by two configurations: a reflection/transmission cell configuration that was validated before, and an open-ended configuration proposed in this study. For the cell configuration, according to DUT's size, the samples were cut as cylinders with a diameter of 75 mm and a height of 70 mm. For the open-ended test, a hypothesis is that the tested sample should have a large thickness considered infinite. However, it is hard to achieve it in the laboratory, a common way is to use a metallic plate below the sample. Theoretically, the minimum thickness (t min ) depends on the size of the coaxial line, i.e., t min > b [START_REF] Chen | Microwave electronics measurement and materials characterization[END_REF] . Thus, the thickness of the slab should be over 4 cm (b = 37.5 mm). Then the dimension of the square slabs for the open-ended measurements was with a thickness of 6 cm and a surface area of 24x24 cm 2 . All the samples were dried in the oven at 100°C overnight before the measurement. The EM waves in this study were generated by a reflectometer (R60) from 1 MHz to 1.6 GHz. The coaxial line was made of aluminum with an inner diameter of 32.2 mm (2a) and an outer diameter of 75 mm (2b). The characteristic impedance (Z 0 ) was 50 Ω.

(1) Cell measurement

The calibration and calculation of the cell configuration can be found in the paper of Adous et al. [START_REF] Adous | Coaxial/cylindrical transition line for broadband permittivity measurement of civil engineering materials[END_REF] . The cut-off frequency (f cut-off ) for this measurement is governed by the TE 01 mode as expressed in the equation (1), where c 0 is the speed of light in the vacuum:

𝑓 𝑐𝑢𝑡-𝑜𝑓𝑓 = 𝑐 0 π(𝑏+𝑎) ε 𝑟 (1) 
Where a and b are the radius of the inner cylinder and the hollow external cylinder of the coaxial line as illustrated in Figure 1 (a). C 0 is the light velocity (3x10 8 m/s). ɛ r is the relative dielectric permittivity of the tested sample. Depending on the dielectric permittivity of the sample, the maximum frequency should not exceed 1.1 GHz for ɛ r = 2, and 0.8 GHz for ɛ r = 5.

(

2) Open-ended measurement

The open-ended measurement and equivalent circuit are illustrated in Figure 1. The calibration based on the capacitance approach can be found in the Appendix. Since the conductance (G 0 ) due to radiation loss is not considered in the capacitance approach, the wavelength in the sample must be over 15(b-a) to assure a small G 0 term. Then the cut-off frequency of the open-ended measurement can be calculated by equation ( 2) [START_REF] Otto | Improved Calibration of a large open-ended coaxial probe for dielectric measurements[END_REF] :

𝑓 𝑐𝑢𝑡-𝑜𝑓𝑓 = 20 (𝑏-𝑎) ε 𝑟 (2)
If the ɛ r of the tested sample is in the range from 2 to 5, then the maximum frequency is not over 0.7 GHz for ɛ r = 2, and 0.4 GHz for ɛ r = 5. Limestone is a porous geomaterial (its porosity is about 45%) that can be viewed as a mixture of calcite and air. The lower dielectric permittivity obtained by open-ended measurement may be caused by the limited thickness of the slab. Although there is a metallic plate placed below, it is still hard to assure that the reflected wave can be totally accepted by the coaxial line. In contrast, in cell measurement, the wave is well guided by a metallic cell, which makes a better acceptance of the reflection. On the other hand, in the case of concrete, the frequency should be limited to 0.5 GHz for the open-ended test due to the cut-off frequency. Then, the peak in the imaginary part at 0.6 GHz does not come from the concrete's dielectric properties. Thus, when comparing the dielectric permittivity of the concrete between the two methods, the open-ended results are still a bit lower than the cell results, but the difference between the two is not as obvious as that of the limestone's case. A possibility to explain this phenomenon is the inhomogeneous structure of concrete. Unlike limestone, concrete is a mixture of aggregates and cement. The blended structure causes the scatter of the EM waves in the concrete and this scatter occurs in either of the two measurements. The inhomogeneous structure of concrete reduces the reflected EM wave's energy in both tests, which can reduce the difference between the two results.

From this comparison, it can be concluded that the dielectric permittivity by the open-ended test is a bit lower than that of the cell test, but the heterogeneous sample will reduce the difference. Meanwhile, limited by the cut-off frequency, the dielectric results obtained by the open-ended test cannot reach a high frequency, but the frequency-dependent dielectric permittivity obtained by the open-ended test is stable in the test band which permits doing high-frequency fitting by dielectric relaxation models [START_REF] Wagner | Dielectric relaxation behavior of callovo-oxfordian clay rock: a hydraulic-mechanical-electromagnetic coupling approach[END_REF][START_REF] Jonscher | Dielectric relaxation in solids[END_REF][START_REF] Bourdi | Application of Jonscher model for the characterization of the dielectric permittivity of concrete[END_REF] . We will discuss the fitting in the on-site investigation part in the following parts. In the zones of BRD and AXE, there are three layers (BBSG, GB1, and GB2) paved on the subbase course (GNT). In the BAU zone, there is only one layer, BBSG directly on GNT, without GB layers. Our investigation is conducted on three profiles positioned on BAU, BRD, and AXE, respectively. Each profile had 21 measurement points with intervals of 1 m. The nomenclature of the layers from top to bottom is as follows:

(1). BBSG: binder course made by semi-coarse HMA (an average thickness of 5 cm))

(2). GB: base course made by two layers of bituminous gravel (GB1 and GB2, each has an average thickness of 9-10 cm).

(3) GNT: the subbase course without bitumen

The constitution information of BBSG and GB is kindly provided by the Agence d'Angers (AAN) of Cerema -Groupe Infrastructures Durables. The aggregates in BBSG and GB layers are from the same quarry (Lomardières) and their mineralogical type is micro-diorite. The content of the bitumen (35/50 penetration grade) is 5.1% in BBSG, and 4.5% in GB. To have the compactness of BBSG, GB1, and GB2, three core samples were taken out on the AXE profile for the test by gamma-densitometry. Although the test by gamma-densitometry is destructive and time consuming, currently, it is an irreplaceable method to provide an exact compactness that is a basic information for the road's management. Thus, it is necessary to do this test. Moreover it provides us a way to evaluate the tested dielectric constants by the mixing models. The interval between the core samples was 40 m, marked by black circles in Figure 3. The GPR used in this study was commercial GPR SIR 4000. Two central frequencies were used: 350 MHz and 2.6 GHz. The scanning distance was about 120 m. The discussion of the results will start from the AXE profile because we can evaluate the results by the three core samples.

After the validation, the analysis will be adapted to BAU and BRD profiles. The compactness and the length of the core samples are measured by gamma-densitometry. Gamma-densitometry measures the absorption of gamma rays emitted by a radioactive source of Cesium Ce137 (0.662 MeV) passing through the sample. The gradient of the volumetric density in the sample can be deduced from the absorption according to Lambert's law [START_REF] Villain | Gammadensimetry: a method to determine drying and carbonation profiles in concrete[END_REF][START_REF] Ihamouten | Full-waveform inversion using a stepped-frequency GPR to characterize the tack coat in hot-mix asphalt (HMA) layers of flexible pavements[END_REF] . Figure 4 provides the volumetric density along the length of the three cores. The three-layer structures of the cored samples (BBSG, GB1, and GB2) can be figured out by the drop in density. The compactness calculated by volumetric density and the length of each layer are listed in Table 1. The compactness will be used to calculate the dielectric constant by Maxwell-Garnett mixing law in the following part. Additionally, it can be found that there is a sudden drop in density between GB1 and GB2 in core 3. The drop indicates a partial default of adhesion between GB1 and GB2. The frequency-dependent dielectric permittivity of the 21 measurement points on AXE is shown in Figure 5 (a). It can be found that the dielectric permittivity is stable in the tested frequency range even after the cut-off frequency (0.4 GHz). The average real dielectric permittivity at 0.35 GHz is about 3.9. Some variety can be found among the 21 points, which is related not only to the heterogeneous structure but also to the texture of the road [START_REF] Myshkin | Surface roughness and texture analysis in microscale[END_REF] . In France, the mean texture depth (MTD) is used to describe the road's texture, which is tested by the "volumetric patch method". According to the criterion [START_REF]surface profiles -Part 2: Terminology and basic requirements related to pavement texture profile analysis[END_REF] , the MTD is derived from the volume of glass spheres applied on the road. A large MTD value means a rough surface. In the investigated field, the average MTD of AXE is 0.8 mm (min: 0.65, max: 1.08). To give a direct impression of the texture of the road, a core sample of AXE (diameter of 22.5 cm and height is about 5 cm) is characterized by laser scanning in Figure 5 (b).

As presented in the 3D plot, each point on the surface has its height. Visualizing the texture of the core sample, we find that the road's surface affects the dielectric measurement, because the waviness and roughness of the surface will change the effective contact between the sample and the coaxial probe. However, the variety caused by texture will not be emphasized in this work for several reasons: firstly, the dielectric permittivity of a material is related to the response to the EM field, known as polarization [START_REF] Kaatze | Measuring the dielectric properties of materials. Ninety-year development from low-frequency techniques to broadband spectroscopy and high-frequency imaging[END_REF] . According to the polarization mechanism, the contact between the test sample and the electrode will mainly alter the interfacial polarization (also called space charge polarization). This polarization needs long relaxation times, and it mainly occurs in the low-frequency domain (i.e., less than 0.1 MHz), but in our test frequency domain, the interfacial polarization will have less influence. Secondly, considering the volumetric fractions of materials, the thickness of the waviness is less than 1 centimeter as indicated by the color bar of Figure 5 (b), while the whole thickness of the road is over 25 centimeters. If the gap between the coaxial line and the sample caused by texture can be viewed as an air layer, then the percentage of the air is relatively low compared to the whole tested length. Thirdly, considering the rigidity of the road at the tested temperature, the coaxial line cannot enter the material as in the case of sand or liquid, which would completely change the calibration and calculation. Finally, in practical applications, when we use a commercial GPR in the near field, the texture influence also exists between the antenna and the road.

Because of the similar configurations, the dielectric constant obtained by an open-ended test can be used directly in the GPR depth estimation. However, as a reminder, a single test on one position is neither representative nor reproducible. We need to test many points for having an average value.

From this point of view, testing the dielectric constant of core samples by a destructive method is hard to achieve. This is the main interest in using a non-destructive method. 3) is used to calculate the dielectric constant of the three core samples based on their volumetric fractions [START_REF] Tuncer | Dielectric mixtures -electrical properties and modeling[END_REF][START_REF] Asami | Characterization of heterogeneous systems by dielectric spectroscopy[END_REF][START_REF] Hickson | Modeling the dielectric properties of minerals from crystals to bulk powers for improved interpretation of asteroid radar observations[END_REF] . The volumetric fractions of the components (aggregates, bitumen, and air) will be deduced from the results obtained by gamma-densitometry.

ε 𝑟,𝑒𝑓𝑓 ' = ε 𝑟,1 ' + 3𝑓ε 𝑟,1 ' ε 𝑟,2 ' -ε 𝑟,1 ' ε 𝑟,2 ' +2ε 𝑟,1 ' -𝑓(ε 𝑟,2 ' -ε 𝑟,1 ' ) (3) 
where ɛ' r, eff is the dielectric constant of the mixture, and ɛ' r, 1 and ɛ' r, 2 of the first and the second phases. f is the volumetric fraction of the second phase. The mineralogy of the aggregate is micro-diorite, thus we use 5.3, the value of the diorite [START_REF] Araujo | Compactness assessment of asphalt pavement and wideband characterization of rocks dielectric properties[END_REF][START_REF] Zheng | Dielectric properties of hard rock minerals and implications for microwave-assisted rock fracturing[END_REF] as the aggregate's dielectric constant. The dielectric constant of the bitumen is 2.5 [START_REF] Araujo | Compactness/density assessment of newly paved highway containing recycled asphalt pavement by means of non-nuclear method[END_REF] . Before the application of the MG mixing law, it should be mentioned that the road is considered as a composite with insulating fillers. The contrast of the dielectric constant is not large enough to form a percolating structure. Thus, topological structures like the formation of connecting paths or micro-capacitors are not considered in this case. MG mixing law considers two phases: the matrix and inclusion phases. In our case, there are three phases: air, binder, and grain. We suppose the matrix is the combination of binder and grain, while the inclusion is air [START_REF] Araujo | Compactness/density assessment of newly paved highway containing recycled asphalt pavement by means of non-nuclear method[END_REF] . Figure 6 In this part, the measured dielectric constants are used to estimate the thickness of the layer. The temporal signal of the road is obtained by GPR. We will start from the AXE because we have the core samples as a reference. The radargram (B-scan) is composed of the temporal signals (A-scan) as a function of the distance. Considering that the diameter of the core samples is 14 cm, and the interval of each A-scan is 2 cm, the corresponding zone of each core sample contains 7 A-scans. These 7 A-scans around the core sample will be treated manually to have an average depth and compared with the reference lengths by gamma-densitometry and by ruler.

B-scans at 350 MHz and 2.6 GHz of AXE profile are provided in Figures 7 (a) and (b) after a simple treatment by the Reflexw 2D analysis program including removing the background and using a rectangle waveform filter. Because the resolution of the radargram depends on the central frequencies, the higher the central frequency, the higher the resolution, but the lower the penetration. As a result, the signal at 350 MHz provides the global depth of a core sample, as indicated in Figure 7 (a), while the signal at 2.6 GHz can provide the depth of an individual layer (i.e., BBSG, GB1, and GB2 respectively) as indicated in Figure 7 (b). As mentioned in the section on gamma-densitometry, there is a density drop between GB1 and GB2 in core 3. This default of adhesion is also detected by GPR 2.6 GHz in the zone as marked in the black square in the region of core 3. The variation of density detected by gamma rays is put on the left as an indicator that helps to distinguish the three layers. 4):

( 𝑙 2 ) 2 + (𝑑) 2 = (∆𝑡 𝑐 0 2 ε 𝑟 ) 2 (4) 
where ∆t is the travel time difference between the successive peaks in the signal. l is an offset which means the distance between the acceptor and the emitter (for 350 MHz, l = 7.8 cm; for 2.6 GHz, l = 4 cm). d is the thickness of the depth of the sample. The echoes recorded in an A-scan have an orientation (positive or negative) depending on the dielectric contrast between the two layers.

Considering that the tested sample has three layers with the dielectric constants ɛ r-1 ', ɛ r-2 ', and ɛ r-3 ' from the top to the bottom, the surface echo indicates the orientation from ɛ r-1 '<ɛ r-2 '. If the third layer has a ɛ r-3 ' higher than ɛ r-2 ', then the echo will have the same orientation; otherwise, the echo will have the opposite orientation. Thus, the selection of travel time will depend on the dielectric contrast between air and BBSG, BBSG and GB, and GB and GNT, respectively. 2. We compare the depth by GPR (depth_GPR) with two values: one is directly measured by ruler (length_ruler) and the other one is the length by gamma-densitometry (length_gamma). The limit of the ruler lies in the uncertainty of the boundary by eye; the limit of the gamma-densitometry is the minimum interval between two scans (5 mm). Thus, we provide the two values together in Table 2 as In the case of 2.6 GHz, the dielectric constant by open-ended test cannot reach such a high frequency due to the structure of the coaxial line and the heterogeneous structure of the road. Thus, the dielectric constant at 2.6 GHz will be derived from the dielectric relaxation models based on the tested data. It is known that the dielectric permittivity can be derived from the Kramers-Kronig relationships [START_REF] Alvarez | Relationship between the time domain Kohlrausch-Williams-Watts and frequency-domain Havriliak-Negami relaxation function[END_REF] . Several models have been developed based on this relationship, for example, Debye [START_REF] Chen | Microwave electronics measurement and materials characterization[END_REF] and Jonscher models [START_REF] Jonscher | Dielectric relaxation in solids[END_REF][START_REF] Bourdi | Application of Jonscher model for the characterization of the dielectric permittivity of concrete[END_REF] . In this part, we will use the Debye model to fit the real dielectric constant, and then the fitted value at 2.6 GHz will be used to estimate the layer's thickness. Multiple iterations are done by the Origin non-linear curve fitting and the fitted dielectric constants at 2.6 GHz of three core samples are presented in Figure 9. The dielectric constant fitted at 2.6 GHz is used to estimate the depths of BBSG, GB1, and GB2.

The estimated depth results are presented in Figure 10. It can be found that for the first two layers (BBSG and GB1), the results estimated by GPR based on the Debye model are close to the depth range provided by the two references. However, as the depth increases, the results of GB2 estimated by GPR start to be far away from the references. One of the possibilities is the compromise between the effective penetration depth and the resolution of GPR at 2.6 GHz: as indicated by A-scan in Figure 8 (b), the amplitude of the peaks is largely reduced after 2 nano-seconds due to the scattering, which makes it difficult to exactly distinguish the ∆t between GB1 and GB2, nor the ∆t between GB2 and GNT. Another possible reason is the dielectric constant fitted by the Debye model. The fitting frequency is not large enough, which will affect the fitting results. Currently, we do not have a better way to resolve this problem. In the future, we will develop the dielectric test in a lower frequency domain to increase the number of fittings. 

Conclusions

In this work, a non-destructive dielectric measurement by open-ended probe has been discussed in both laboratory tests and on-site investigation. In the laboratory part, the dielectric permittivities of the limestone and concrete slabs by open-ended probe are a bit lower than those by cell test because of the limited thickness of the slabs, but this can be ameliorated in the on-site investigation because of the infinitive scale of the road. In the on-site part, the obtained dielectric constant of the road can well agree with the calculated value by the Maxwell-Garnett law. Meanwhile, because of a similar configuration of GPR, the tested dielectric constant by the open-ended coaxial line can be applied directly to the depth estimation of the surface course by GPR 350 MHz. Although limited by cut-off frequency, the stability of the dielectric permittivity in the tested band allows us to do the fitting by the Debye model to have a dielectric reference at 2.6 GHz. Thus, we can estimate the thicknesses of different layers in the surface course by GPR with a higher resolution. 

Only after this step, the real coefficient of the sample (Γ sample ) can be deduced from the reflection coefficient ρ sample by expression (5): 

Γ 𝑠𝑎𝑚𝑝𝑙𝑒 = ρ 𝑠𝑎𝑚𝑝𝑙𝑒 -
Once Γ is calculated, Y of the sample (Y sample ) can be obtained by equation ( 6) and then we can go back to equation (2) to calculate ɛ r of the sample.

𝑌 𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑌 0 ( 1-Γ 𝑠𝑎𝑚𝑝𝑙𝑒 1+Γ 𝑠𝑎𝑚𝑝𝑙𝑒 ) (6) 
The details of the calibration and the capacitance approach can be found in the references [START_REF] Filali | Design and calibration of a large open-ended coaxial probe for the measurement of the dielectric properties of concrete[END_REF][START_REF] Clarke | A critical study of the open-ended coaxial line sensor technique for RF and microwave complex permittivity measurements[END_REF][START_REF] Guihard | Permittivity measurement of cementitious materials with an open-ended coaxial probe[END_REF] .
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 1 Figure 1 On the left: a schematic structure of the coaxial line in the open-ended configuration; on the right: the equivalent circuit in the capacitance approach

Figure 2

 2 Figure 2 (a) and (b) show the real dielectric permittivity derived from open-ended and cell tests; (c) and (d) show the imaginary dielectric permittivity derived from open-ended and cell tests

Figure 3

 3 Figure 3 Schematic of the tested site; photos of the three core samples on the left; the photos of open-ended dielectric test and GISS GPR on the right

Figure 4

 4 Figure 4 Volumetric density variations along the length of the three core samples

Figure 5 (

 5 Figure 5 (a) Frequency-dependent dielectric permittivity at 0.35 GHz of AXE profile, (b) surface texture of a core sample in the AXE. (Scanning surface is 8x20 cm 2 and the unit is millimeter)
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 6 Figure 6 (a) Tested and calculated dielectric constant at 350 MHz for the three core samples. (b) Color map of the dielectric constant for the three profiles
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 78 Figure 7 B-scan for AXE profile: (a) for 350 MHz and (b) for 2.6 GHz

Figure 8

 8 Figure 8 Temporal signal (A-scan) of AXE profile used as an illustration: (a) for 350 MHz and (b) for 2.6 GHz In the case of 350 MHz, the dielectric constant is a result directly derived from the open-ended test at 350 MHz. The depth estimations for the three core samples are listed in Table2. We compare the depth by GPR (depth_GPR) with two values: one is directly measured by ruler (length_ruler) and the other one is the length by gamma-densitometry (length_gamma). The limit of the ruler lies in the uncertainty of the boundary by eye; the limit of the gamma-densitometry is the minimum interval between two scans (5 mm). Thus, we provide the two values together in Table2as references. It can be found that the value deduced from GPR, based on the dielectric constant obtained by open-ended tests, is quite close to the length proposed by the two references. Therefore, it can be concluded that the dielectric constants tested by open ended test can be directly used for the depth estimation of the surface course by GPR at 350 MHz.

Table 2

 2 references. It can be found that the value deduced from GPR, based on the dielectric constant obtained by open-ended tests, is quite close to the length proposed by the two references. Therefore, it can be concluded that the dielectric constants tested by open ended test can be directly used for the depth estimation of the surface course by GPR at 350 MHz. Depths estimation of the three core samples by GPR at 350 MHz
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 910511 Figure 9 Frequency-dependent dielectric permittivity fitted by Debye model: (a) for core 1, (b) for core 2, and (c) for core 3. (R 2 is a statistical measure that represents the proportion of the variance for a dependent variable that is explained by an independent variable or variables in a regression model. This value should approach 1)

  

  

  

Table 1

 1 Compactness and length of BBSG, GB1, and GB2 in the three core samples

			core 1		core 2	core 3	
		compactness	length	compactness	length	compactness	length
			(mm)		(mm)		(mm)
	BBSG	87.1%	55	81.3%	45	84.2%	50
	GB1	95.2%	85	93.6%	80	93.8%	80
	GB2	93.7%	105	94.0%	115	92.1%	110
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Appendix

The admittance (Y) is derived from the measured reflection coefficient (ρ,) by equation (2), where Y 0 = 1/Z 0 .

Many models have been built to obtain the dielectric permittivity tested by open-ended coaxial probes including capacitive model, antenna model, virtual line model, rational function model, and full-wave simulation method [START_REF] Chen | Microwave electronics measurement and materials characterization[END_REF] . In this work, we will use the capacitance approach because of the simple calculation. The capacitive equivalent circuit is illustrated in the right part of Figure 1. The input Y of the circuit can be deduced from the lump of capacitances as presented in equation ( 2), where is the angular frequency, equal to 2πf (f is the frequency); C f is the capacitance of the ω coaxial line's waveguide; C 0 is its fringe capacitance; ɛ r is the relative dielectric permittivity of the sample; x is an unknown geometric parameter; G 0 is the conductance due to the radiation loss. When the frequency is lower than the cut-off frequency, Y varies almost linearly with ɛ r . Thus, only three parameters (i.e., C 0 , C f , and x) need to be derived from equation (2).

The unknown C 0 , C f , and x can be obtained by testing Y of three standards (short circuit (Y 1 ), open circuit (air) (Y 2 ), and Teflon (Y 3 )) as indicated in equation (3).

The ɛ r of air and Teflon used in this study are 1-0.001j and 2.1-0.004j. The dimension of the Teflon block in the calibration is 25x18x12cm [START_REF] Al-Qadi | Measuring layer thicknesses with GPR-Theory to practice[END_REF] . Y 1 , Y 2 , and Y 3 can be deduced from equation ( 1) by testing the reflection coefficients of three standards (short circuit (ρ 1 ), open circuit (ρ 2 ), and Teflon (ρ 3 )).

Before the application of equation ( 2), the calibration of the coaxial line must be done to find the S ij (i, j ∈ {1, 2}) parameters which are the responses of the network to external circuits. The S ij parameters can be deduced by equation ( 4) based on the three measurements: short circuit (Γ 1 ), open circuit (Γ 2 ), and Teflon (Γ 3 ):